Intensity fluctuations from a 532nm CW laser source were collected over an outdoor 1km path, 2m above the ground, with three different receiving apertures. The scintillation index was found for each receiving aperture and recently developed theory for all regimes of optical turbulence was used to infer three atmospheric parameters, C n 2 , l 0 , and L 0 . Parallel to the three-aperture data collection was a commercial scintillometer unit which reported C n 2 and crosswind speed. There was also a weather station positioned at the receiver side which provided point measurements for temperature and wind speed. The C n 2 measurement obtained from the commercial scintillometer was used to infer l 0 , L 0 , and the scintillation index. Those values were then compared to the inferred atmospheric parameters from the experimental data. Finally, the optimal aperture sizes for data collection with the three-aperture receiver were determined.
INTRODUCTION
In June 2006 an experiment was conducted at the Innovative Science & Technology Facility (ISTEF) at Kennedy Space Center. The purpose of the experiment was to compare theoretical predictions against data from a commercial instrument. The data collection took place over two days. Data collection began in the late morning and ended late afternoon; ensuring the strongest intensity fluctuations would be captured. The weather for the two days was predominantly sunny with scattered cloud cover, temperatures around 30°C (86°F), and an average crosswind speed of 1.5m/s from the east. Intensity data were collected over a 1km horizontal path, 2m above the ground. The intensity data were from three receiving apertures, each of a different diameter. An algorithm designed to calculate C n 2 , l 0 , and L 0 from the scintillation index of three different apertures was used. The algorithm, written by Frida Vetelino 1, 2 , uses an atmospheric model developed by Andrews 3 valid in all regimes of atmospheric turbulence. Parallel to the experimental setup was a commercial Scintec BLS900 scintillometer. The commercial scintillometer provided a path-averaged value of C n 2 and an estimate of the path-averaged crosswind speed. Although the BLS900 did not provide values for l 0 and L 0 , the algorithm was used to infer values based upon the measured scintillation index and the C n 2 reported by the BLS900. A portable weather station was positioned near the receiver station to provided measurements of directional wind speed and temperature.
The experiment was based upon previous work performed in Australia in 2004  1 and 2005 2 . This experiment used the same concept of three different sized apertures as the Australia experiments, but the wavelength, propagation distance, and aperture sizes were altered. The experiment in 2004 yielded theoretical predictions of C n 2 to be greater than those measured by the BLS900 by a factor of two. The theoretical predictions for the scintillation index were a better fit to the measured values than those inferred with the BLS900. Values for l 0 and L 0 could not be calculated. The experiment in 2005 yielded theoretical predictions of C n 2 to be less than those measured by the BLS900 by a factor of two. Just as in the 2004 experiments, the theoretical predictions for the scintillation index were a better fit to the measured values than those inferred with the BLS900. Inner scale values ranged from 3mm-12mm and outer scale values ranged from 1m-2m.
Since the 1970's there have been studies on the effects of scintillation on a laser beam propagating through the atmosphere. Many methods have been developed to infer atmospheric parameters such as the refractive index structure parameter, C n 2 , and the inner scale of turbulence, l 0 . These methods have been proven accurate in the presence of weak turbulence and over short path lengths 4 . Commercial instruments have been developed based upon 1970's theory and are currently the best available 4 . This research explores the theory and implementation of a new technique to infer four important atmospheric parameters, C n 2 , l 0 , and L 0 , from the measured scintillation index at thee different sized apertures. These parameters are necessary to characterize the effects of optical turbulence on a laser beam propagating through the atmosphere.
The city lights twinkling as seen from an airplane and the steam that appears to be rising from the asphalt on a hot day are a result of atmospheric turbulence. What is seen is due to changes in the refractive index of the atmosphere. Random fluctuations in the index of refraction cause the spreading of the beam beyond that of the diffraction limit, random movement of the beam center (beam wander), loss of spatial coherence, and random fluctuations in the irradiance (scintillation) 3 . Physically, the refractive-index structure parameter, Figure 1 illustrates the behavior of C n 2 throughout a typical day. The data was taken using a commercial scintillometer at the ISTEF laser range. When there is no sunshine, C n 2 is low. As the sun begins to rise, C n 2 increases until it reaches a maximum in the middle of the day. As the sun begins to set, C n 2 decreases. An interesting trend to note on the plot is the dip in C n 2 before and after sunrise. These two dips are called the quiescent periods. This drop in C n 2 occurs due to the temperature gradient between the ground and atmosphere being minimal.
The temperature gradients and wind speed fluctuations also cause turbulent cells to form in the atmosphere. The maximum size, which is usually on the order of one to one hundred meters, is known as the outer scale L 0 . These large cells act like weak positive lenses (f ~ 1km) and have a focusing effect on the propagating beam. Due to inertial forces, these cells will continually break up until reaching a minimum size on the order of millimeters, known as the inner scale l 0 . Theses small cells act like negative lenses and cause the beam to diverge. The turbulent cells attenuate and redirect the energy of a propagating laser beam. The inner and outer scales of turbulence represent the range of scale sizes over which isotropic turbulence is formed. Physically, the atmosphere can be thought of as a bunch of random lenses constantly diffracting and refracting the propagating light.
The scintillation index describes the fluctuations of the received irradiance after propagating through the atmosphere. It is calculated through the normalized variance of the irradiance fluctuations, . A reduction in the fluctuations occurs as the diameter of the receiving aperture is increased beyond the correlation width of the laser beam. The reduction is referred to as aperture averaging because the fast, more intense, fluctuations are averaged out. The scintillation index is also affected by both inner and outer scale. The inner scale effects are prominent in weak to moderate turbulence and cause an increase in scintillation index, while outer scale effects occur in strong turbulence and reduce the scintillation index.
THEORY
An algorithm based upon measured scintillation indices was used to calculate 
When theory is compared to experimental data, the averaging effects of a finite aperture must be accounted for. This results in the scintillation index also being a function of aperture diameter, D. Therefore, the theoretical expression for the scintillation index is ( )
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EXPERIMENTAL SETUP
The experiment was performed at the ISTEF laser range in Cape Canaveral, Florida. The range was 1km long and approximately 4m wide. There was 1-2m high vegetation surrounding the length of the range. The propagation path was trimmed grass kept at approximately 5cm tall. Mobile laser propagation laboratories were placed at both ends of the range to provide a clean and dry environment to operate equipment. Both mobile laboratories were equipped with an isolated 122cmx244cm optical bench, 5kVA uninterruptible power supply, safety glasses, laser curtain, air conditioner, and a window to propagate through. The transmitting laboratory was at the north end of the range, while the receiving laboratory was located at the south end. Figure 2 shows the transmit and receive laboratories positioned on the ISTEF laser range. Figure 3 illustrates the layout of the experimental setup on the ISTEF laser range.
The transmitting laboratory was outfitted with a 150mW, 532nm, continuous wave, solid-state laser. The laser had a beam diameter of 0.42mm and a full-angle divergence of 1.6mrad. Besides a pair of 5cm mirrors configured in a figure eight for alignment, the laser passed through no optical components. The transmitter of the BLS900 was also in the transmitting laboratory. The BLS900 transmitter had no affect on the laser receivers because of filtering at the laser receivers.
Inside the receiving laboratory were the three laser receivers and the receiver of the BLS900 scintillometer. Three Hamamatsu R1387 photomultiplier tubes (PMTs) were used as the laser receivers. A single aperture was mounted inside the PMT case and within 1cm of the PMT face. The apertures were made from rubber coated cardboard discs. Sunshields were made from 2.54cm diameter anodized aluminum tubes 30cm in length. At the rear of the sunshield for each PMT case was a 532nm laser line filter and a neutral density filter. Filtering was necessary to reduce the background light from the sun and increase the SNR. The neutral density filters were selected so the background was above the shot noise of the electrical log conversion circuit. Each laser receiver was independently mounted on a tip-tilt stage to aid in alignment. The gain of the PMT was set below 10 4 to achieve a good SNR. Connected to the Anode of the PMT was an electrical circuit that converted the negative current output of the PMT to a log-scaled voltage. A four channel National Instruments data acquisition card was used to record the voltages at a rate of 1,000 samples per second to a computer running Labview. The data was collected over 7-minute data runs. Figure 4 shows the layout of a single laser receiver and electrical circuitry.
The receiving aperture sizes used were not selected randomly. The middle aperture was selected based upon the first Fresnel zone, k L , which was approximately 10mm. The other two apertures were selected such that there was an aperture larger and smaller than the Fresnel zone. The largest aperture was selected based upon the size of the sunshield used, 25.4mm. The smallest aperture was chosen based upon the speckle size of the received beam. The speckle size refers to the average size of the individual bright spots after a laser beam has been broken up, or speckled, due to atmospheric turbulence. The expression used to calculate the speckle size for a spherical wave is given by 
The wavelength, λ, and the path length, L, were fixed at 532nm and 1,000m, respectively. A value of was chosen to represent a typical turbulent day at the ISTEF range. The above values were substituted into equation (6), yielding a speckle size radius of 1.4mm. The smallest aperture diameter was then chosen as 1mm to ensure it was effectively a point receiver. Although the middle aperture was calculated as 10mm, it was reduced to 6mm. The reduction in aperture size better separated the scintillation index curves calculated from the three receivers. Equal separation of the scintillation index curves helped the algorithm converge faster on a solution.
It was found the background stayed approximately constant over a seven minute data run. Before each seven minute data collection of laser intensity, one minute of background intensity was recorded. In order to determine whether the average background needed to be subtracted from each measurement, the SNR was computed. The SNR was found to be at least 17dB for each data run; corresponding to a 3.5% change in scintillation index between values with the background subtracted and those without the background subtracted. The minor difference resulting from background subtraction stayed within the accuracy of the algorithm defined from experiments in February 2005. Therefore the scintillation indices presented do not incorporate background subtraction. However, the plot of calculated C n 2 is much smoother than that measured from the BLS900. This implies that the BLS900 may be in error for some of its values. It should be noted that on either day, the threeaperture setup and the BLS900 were separated by a distance larger than a Fresnel zone. This resulted in each instrument seeing a statistically different section of atmospheric turbulence. On average over the two days, the calculated C n 2 was 21% higher than that measured by the BLS900. This follows the results from the experimentation performed in 2004. 
Scintillation index comparison
From the data collected and the theory developed by Andrews et al., scintillation indices were calculated based upon the three aperture sizes. Although the BLS900 did not output scintillation index, it was inferred using the algorithm. Using the C n 2 measurement from the BLS900 as an input to the algorithm and keeping all other parameters the same, values for l 0 and L 0 were obtained corresponding to the C n 2 of the BLS900. The scintillation index for the BLS900 was then calculated using the theory of Andrews et al. The scintillation index values were inferred based upon the assumption that the BLS900 provided a correct representation of the path averaged C n 2 . Figure 5 outlines the process of inferring the 'BLS900' and 'Theory' data seen in Figure 7 . Figure 7 compares the scintillation indices measured from the collected data ('Measured'), the theoretical scintillation indices based upon the C n 2 from the collected data ('Theory'), and the theoretical scintillation indices based upon the C n 2 reported by the BLS900 ('BLS900'). Only data from June 05 2006 are presented because it had the strongest fluctuations.
In the earlier part of the day when the fluctuations were stronger, the theory better estimated the measured scintillation index. However, once the fluctuations weakened, the BLS900 and the theory estimated the measured scintillation index equally well. This was most likely due to the BLS900 using a look-up table to compensate for strong irradiance fluctuations. As stated in the user manual 4 , the BLS900 was designed to be relatively insensitive to strong fluctuations due its aperture size being an order of magnitude larger than the inner scale and an order of magnitude smaller than the outer scale. The developed theory takes the strong fluctuations into account and thus can make a more accurate prediction to the experimental data in all regimes of turbulence. Overall, the theory came closer to estimating the experimental scintillation index than the BLS900; this follows the results from the 2004 and 2005 experiments.
Inner and outer scale comparison
Using the scintillation indices from the previous section, inner and outer scales values for the experimental data and the BLS900 were realized with the algorithm. The BLS900 did not output a value for inner or outer scale, but solutions were inferred using the C n 2 value from the BLS900 as an input to the algorithm. The calculations were performed over 7-minute periods to suppress the fluctuations seen from minute-to-minute. Figure 8 compares the inner scale inferred from the three-aperture receiver system and the inner scale inferred from the BLS900. Both days yielded reasonable results for l 0 , on the order of a centimeter. Data points of the three-aperture system and the BLS900 were separated by no more than 1mm; following the results of the 2005 experiment. The inner scale curves as predicted by the threeaperture system and the BLS900 are correlated. scintillation index of the experimental data was not the case. At 12:50 the calculated L 0 reached a peak value, this was most likely due to the cooling of the ground by a rain shower at 12:15. On June 19 2006, the two data sets seem to follow one another well. As a rough estimate, L 0 is typically half the height of the propagation path during strong turbulence 3 ; 1m for these experiments. Therefore, the values inferred from both days are reasonable solutions. Both days the outer scale followed a trend of starting and ending at about the same value and reaching a peak around solar noon. The experiments from 2005 yielded L 0 values between 1m and 3m, however a trend of starting and ending at the same value and reaching a peak around solar noon was not reported.
DISCUSSION
Intensity fluctuations were captured by three different size apertures. The scintillation index was calculated for each aperture using the intensity data. The three scintillation indices along with system parameters, such as laser parameters and path length were entered into an algorithm. The algorithm, based upon theory valid in all regimes of turbulence, inferred C n 2 , l 0 , and L 0 . Data from a BLS900 commercial scintillometer were collected simultaneously with the threeaperture intensity data. The C n 2 calculated by the BLS900 was used as an input to the algorithm to infer an l 0 and L 0 representative of the BLS900. The data from the two systems were compared and discussed.
Overall, the data collected from both days yielded reasonable results. When compared to the findings of previous experiments, the C n 2 trend was similar to that of the 2004 experiments; on average the theory predicted a higher C n was smooth, the inner scale values illustrated a smooth change, and the outer scale values were reasonable. The data may have been better due to the skies being clear and consistent throughout the day. Also, it may have been due to the middle aperture size being used on June 19 2006 was 6mm; thus giving the best separation between the scintillation index curves.
Discrepancies between the three-aperture system and the commercial scintillometer may have been from many factors. The commercial scintillometer calculates C n 2 based upon weak fluctuation theory and may produce unreliable data in strong turbulence. The cross-wind speeds for both days were low, 0.5-2.5m/s, leading to non-fully developed turbulence and possibly statistical inhomogeneity.
For the equipment used in the three-aperture experiment, it was found that aperture diameters of 1mm, 6mm, and 25.4mm worked best. This combination yielded the greatest separation between the scintillation index curves, thus allowing the algorithm to converge on a stable solution faster. For future experiments, an aperture on the order of 100mm should be used for the largest aperture and the middle aperture should be resized accordingly.
